This paper presents a method for an on-chip fast and accurate broadband determination of MEMS behaviour. This technique is based on impulse response (IR) evaluation using pseudo-random Maximum-Length Sequences (MLS). The MLS approach is capable of providing vastly superior dynamic range in comparison to the straightforward technique using an impulse excitation and is thus an optimal solution for measurements in noisy environments and for low-power test signals. The use of a pseudo-random sequence for testing makes the practical on-chip implementation very efficient in terms of the extra hardware required for on-chip testing. We will exemplify this technique for the case of MEMS structures such as cantilevers and bridges, by determining their mechanical and thermal behaviour using just electrical tests.
INTRODUCTION
The test of MEMS (Micro Electro Mechanical Systems) requires the use of sophisticated equipment for determining the behaviour of devices that work in multiple energy domains, such as mechanical, thermal and electrical. Since electrical test equipment is widely available, it can be very cost-effective to test MEMS using purely electrical test signals, provided that one can extract from these signals the device behaviour and physical parameters. In addition, electrical testing is well suited to be implemented on-chip, thus facilitating lowcost manufacturing testing and in field monitoring. This type of functionality is very important for the development of reliable System-on-Chip (SoC) containing mixed-signal systems, integrating methods for facilitating their test, in particular on-chip testing or BuiltIn Self-Test (BIST) techniques [I] . In the research of cost effective testing of analogue parts, the techniques based on digital signals are often preferred since most of the circuitry in mixed-signal systems is digital and most of the test equipment is devoted to them. A number of wellestablished approaches for the test of analogue functions using digital signals exist. These include impulse response and step response testing as an example.
In this paper, we will present a method for a fast and accurate broadband determination of MEMS behaviour. This technique is based on impulse response (IR) evaluation using pseudo-random Maximum-Length Sequences (MLS). It is known that the auto-correlation of a pseudo-random signal approaches the one of a white noise for small values of the rectangular pulses width and high values of sequence length N. It is easy to show that the input-output Cross-Correlation Function (CCF) of a Linear Time Invariant (LTI) system provides an estimation of the system impulse response when +e input signal has the frequency spectrum of a white noise. The MLS approach is capable of providing vastly superior dynamic range in comparison to the straightforward technique using an impulse excitation and is thus an optimal solution for measurements in noisy environments and for low-power test signals. This approach makes the practical on-chip implementation very efficient in terms of the extra hardware required for the test. We will show the algorithms of the MLS generation and of the impulse response calculation. We will apply this technique to the characterisation of MEMS structures such as cantilevers and bridges, determining their mechanical and thermal behaviour using just electrical tests.
PREVIOUS WORKS ON MEMS SELF-TEST
A self-test function can reduce costs during manufacturing and production testing of a device and is especially suitable for in field device monitoring. Most MEMS sense physical signals (acceleration, force, pressure, radiation, etc.) and convert them into electrical signals processed by the associated electronics. For selftest, these signals must be generated on-chip during a test phase that must he as short as possible. One possible solution is to electrically induce on-chip the test stimuli. In addition, this can reduce costs during manufacturing testing by avoiding the use of specific physical sources (thermal, mechanical, light, etc.) and just using standard electrical test equipment in combination with the self-test function.
L. Rufer, S. Mir, E. Simeu and C. Domingues On-chip testing of MEMS using pseudo-random test sequences Several types of transducers have recently appeared providing, in one way or another, a self-test function. In all cases, an electrical signal is used during the test phase in order to stimulate the device. The transducer response is next analyzed off-chip.
In [2] , the authors present the implementation of a self-test approach for an ineared imager. In Section 4, we will use this technique to stimulate the microstructures under test. Self-test techniques have generally been included for the case of accelerometers. In [3], a surface micromachined capacitive accelerometer is considered. An electrical pulse signal on specific self-test fmgers is used to generate an electrostatic force on the seismic mass, thus creating a movement that is detected by the capacitive structure of the accelerometer, in an action that mimics the effect of acceleration. The same principle is used in 141.
In other devices such as piezoresistive pressure sensors [5], the mechanical stimuli are applied to the sensor membrane by the way of a pneumatic actuation. The air inside the cavity of a pressure sensor is heated by Joule effect that results from applying an electrical pulse to a resistor, and the resulting pressure change is detected by the gauges of the membrane.
The techniques described above are all directed towards providing a kind of self-test function in which an electrical pulse-like signal is used to stimulate the device. This function can he used by the user in the field application, obtaining then confidence on the device behaviour, for example, that the suspended mass of an accelerometer is able to move. However, they all lack the possibility of performing a functional analysis that fully tests the device and that will be exploited for other tasks such as manufachuing testing. In the next sections, we will illustrate a method to perform on-chip a full functional test. It is important to notice that the techniques for stimuli generation described for the above devices can be reused in the on-chip test method proposed. Only a suitable sequence of electrical test pulses must be generated in order to analyze on-chip the MEMS behaviour.
THE MLS TEST METHOD

Background
It is well known that knowledge of a system impulse response provides enough information for system functional evaluation as well as for extraction of its parameters. A straightforward way to obtain the impulse response consists of injecting a very short pulse of high amplitude (ideally close to a Dirac delta function) to a system and in measuring its response. This technique has two drawbacks: first, in the input pulse generation, the amplitude is limited by the range of linearity of the system and, second, the system behaviour that does not correspond to a steady-state regime. The measurement of the input-output cross-correlation function of the system stimulated by a white noise is another way to obtain the impulse response. This procedure fails sometimes due to the limits in the signal to noise ( S N ) ratio. Another source of uncertainty, the stochastic nature of the test signal, needs to be solved by using a certain number of averages. For these reasons efforts have been made to reduce the influences of background noise by choosing special test signals which can replace the stochastic properties in a theoretically correct way. As a result of this effort, the technique of a system impulse response measurement based on Maximum-Length Sequences (MLS) has been developed [6] .
Binary MLS are periodic two-level deterministic sequences of the length N = 2'" -1, where m is an integer denoting the order of the sequence. A simple pseudorandom sequence can be generated by an m-bits shift-register clocked at fixed frequency using an exclusive-OR gate to generate the feedback signal from the n' bit (O<n<m) and the last m ' bit of the shiftregister. If the values of n and m are chosen correctly, the shift-register will go through the maximum number of allowable states, N, before repeating itself. It can be shown that the MLS power spectrum is a line spectrum with constant amplitudes in low kequency band whose width can be adjusted by a proper choice of the clock frequency.
The method is based on the fact that input-output cross-correlation function of a linear time invariant (LTI) system provides the system impulse response when the input signal has a flat frequency spectrum [7] . The basic idea is to apply a MLS to a linear system, sample the resulting response, and then cross-correlate this response with the original sequence. Since the original sequence is a known pseudo-random sequence, there exists an efficient and very fast way to calculate the crosscorrelation function, called fast Hadamard transform (FHT). A benefit of FHT is that it requires only N log2N operations. Since the MLS is represented by +1 and -1, the FKT consists of additions and subtractions only. For an LTI system, one period of the signal is sufficient for a cross-correlation computation and no averaging is required. The averaging can still be applied to reduce the system noise. Since the sequence is deterministic, it can be repeated precisely. It is therefore possible to increase signal to noise ratio by a synchronous averaging of the response sequence. This procedure reduces the effective background noise level by 3 dB per doubling of the number of averages because the exactly repeated periods of the test signal add up in phase while the background noise is not correlated between the different periods and only its energy is summed.
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The use of the MLS-based method can be twofold. Firstly, we can perform a functional evaluation of the measured system based on the impulse response or on the transfer function. Secondly, we can deline a system signature based on the impulse response and by checking the measured signature against the expected one we can verify the correctness of a device without measuring the original performance parameters [7] .
Maximum-length sequence
Maximum-length sequences (also called pseudo-random sequences, pseudo-noise sequences or m-sequences) are certain binary sequences of the length N = 2"' -1 with m denoting the order of the sequence. These sequences have been known for a long time in areas such as rangefmding, scrambling, fault detection, modulation, synchronizing, acoustic measurements, etc. There are several important properties of this sequence that should be mentioned. First, it is periodic and deterministic. Second, if the binary states are chosen and (b) an example of the generated MLS.
to be +I and -1, the autocorrelation function %(k) is always equal to 1 for zero shift and drops to -UN for any other shift, repeating after each period of the sequence. The power spectrum of the MLS is a discrete spectrum whose upper 3 dB roll-off frequency is about 0.45L. By adjusting the clock fiequency, the broadband signal over a wide fiequency range can be generated.
Impulse response measurement
The impulse response of the LTI system can be obtained as a result of the cross-correlation between its input and output signals. In the case of the discrete input and output sequences, we obtain the cross-correlation &(k), that is related to auto-correlation of the input, &(k) by a convolution with the periodic impulse response hfi):
We can see fiom the relation (2) that in the case of MLS-based measurements, cross-correlating of the system input and output sequences gives an estimation of the impulse response. The basic idea of the measurement method is then shown in Fig.2 .
Figure 2. Block diagram of a MLS-based measurement
A MLS signal excites a device under test (DUT). The system impulse response is obtained as a result of the cross-correlation of the input and output sequences. The cross-correlation operation in the case of a discrete sequence is defined by:
The Equation ( 3 ) can also be described in terms of matrix multiplication: 
MODEL OF THE TEST STRUCTURES
As an example, we will next apply the h4LS test method to the case of basic MEMS such as cantilevers and beams for which we consider electrothermal stimuli generation and piezoresistive detection as in [2] . Fig.3a shows a chip containing five cantilevers that are under fabrication using a 0.8 pm CMOS bulk micromachining technology. The surface of each cantilever is covered with heating resistors made with polysilicon. The heating of a cantilever will cause it to bend, and the actual deflexion is measured by means of piezoresistors placed at the anchor point of the cantilevers. For each cantilever, a Wheatstone bridge is used for measurement. A similar principle is used for the bridge on the chip of 
Thermal versus mechanical time constants
One of the problems that can be encountered for the test of the microstructures in Fig.3 is the broad frequency range covered by the mechanical and thermal behaviour. Indeed, thermal time constants are generally much larger than mechanical time constants. Since the generation of test stimuli uses a thermal principle, it may appear that the mechanical behaviour will be filtered out by the thermal behaviour and thus just a static test can be applied. In fact, we will show that the high dynamic range of the MLS method will allow us to measure accurately the mechanical time constants. We can have a quick idea about the separation between thermal and mechanical time constants by considering the simple case of a cantilever of length 1, width b and thickness e that we consider for simplicity made of a single material. On one band, the mass and compliance of the cantilever reduced to its free end are given by the Expressions [lo]:
and the mechanical resonance of the cantilever is then given by :
where p is the cantilever density and E is Young Modulus. Thus, the mechanical resonance depends on the beam geometry and the phase speed cp = dE/p . On the other hand, the thermal resistance and capacitance of the beam are given by the Expressions:
and the thermal time constant of the cantilever is then given by:
where k is the thermal conductivity and s t h e specific heat of the cantilever material. Thus the thermal time constant of the beam depends on its geometry and the thermal diffusivity c, = k / p q that describes the rate at which heat is conducted in the cantilever. The ratio between the time constants given in Expressions (6) and (8) is then: oll=epcJE @th P
(9)
The ratio between time constants depends on the phase speed and thermal diffusivity and is independent of the geometry, other than the thickness e that is in our case imposed by the CMOS-compatible fabrication process (e % 5 pm). Considering a beam made of silicon dioxide (p % 2.5 IO3 k p " , E FZ 75 IO9 Pa, k FZ 1.4 Wm-'K1, 5 % 900 Jkg.kL), the ratio obtained is w, / % -44000.
If thermal convection is considered, this ratio can be reduced about one order of magnitude but the split between time constants is always over three decades, independently of the cantilever geometry. Similar results can be obtained for a bridge. Thus the need of a high resolution test technique if the mechanical behaviour is to be stimulated using a thermal principle.
Model of the MEMS behaviour
The complete model of the MEMS behaviour includes the electrothermal coupling for stimuli generation, a thermomechanical coupling for the induced displacement due to thermal expansion of the material, and a piezoresistive coupling for the change of resistance as a function of beam displacement and the electrical Wheatstone bridge at the output. The block diagram of the overall MEMS is shown in Fig.4 a and the electrical equivalent circuit of each part is in Fig.4 b. The average temperature T, of the MEMS structure depends on the L. Rufer, S. Mir, E. Simeu and C. Domingues On-chip testing of MEMS using pseudo-random test sequences 
IMPLEMENTATION OF THE MLS ON-CHIP TEST METHOD
The implementation of the MLS-based measuring method can be considered off-chip nr on-chip. In the first case, the device under test is connected with an auxiliary unit which provides the test sequence generation and necessary signal processing. In the second case, the onchip approach corresponds to a Built-In Self-Test (BIST) technique for which the necessary operations for MLS generation and processing are done on chip.
Simulation results
For simulation, we have considered the MEMS equivalent circuit model described in Fig.4 and represented by means of Simulink/Matlab. The MLS generation by means of a LFSR and the signal processing functions using the FHT are also implemented in Matlab. normalised transfer function of the cantilever model. An important advantage of the MLS technique is the ability to separate the signal components from the random noise by just considering the generation of several sequences of length N. As discussed in Section 3.1, this results in a synchronous averaging operation that reduces the background noise level by 3 dB per doubling of the number of averages. We illustrate this in the simulation results of Fig.6 where we have injected a random noise at the system output such that the system noise floor is -30 dB with respect to the low frequency behaviour. 
Implementation of the on-chip test technique
The MLS generation based on an LFSR is straightforward and the response processing used in this method is relatively simple because the products that normally need to be done when using white noise for the CCF evaluation are replaced by the sums in the case of the MLS. To normalised transfer function of a noisy cantilever model.
L. Rufer, S.
Mir, E. Simeu and C. Domingues On-chip testing of MEMS using pseudo-random test sequences obtain the k-th component h(k) of the impulse response, we can proceed, according to Expression (3), as shown in Fig.7 . Each sample of the output sequence yo) is multiplied by I or -1 by means of the multiplexer unit (MUX) controlled by the input sequence x(i-k), and the result is added to the sum stored in the accumulator (ACC). The value obtained at the end of the calculation loop is divided by N. The fmt m components of the impulse response (h(k), k = 0 to m-1) can be obtained by following the scheme shown in Fig.8 . Each of these m components correspond to the output of a simplified correlation cell (SCC) shown in Fig.7 . The input signal of the SCCs is the response to the MLS of the device under test (after an Analogue to Digital conversion). The control signal of each cell is taken at different stages of the LFSR that generates the MLS. The on-chip implementation shown above does not give the overall impulse response but only a few fust samples. Such information can be exploited as a system pattem that can be used for fault detection if compared to the nominal pattem. If a larger number of samples is demanded, more sophisticated algorithms can be used which would result in increasing the test costs.
CONCLUSIONS
In this paper we have shown a full BIST technique where the input test signal and the device response are, respectively, generated and analyzed on-chip. This technique is compatible with existing self-test functions for stimuli generation. We have shown the advantages of the method in comparison with the classical approaches, especially in terms of the signal to noise ratio, speed, and implementation feasibility. We are currently directing our work towards obtaining experimental data flom the microstructures under fabrication and for the implementation in silicon of the BIST electronics. Further research is still being developed in order to determine the signatures to be used that take into account the tolerances in process or device parameters.
